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Purpose: In the human brain, minerals such as iron
and calcium accumulate increasingly with age. They typi-
cally appear hypointense on T2*-weighted MRI sequences.
This study aims to explore the differentiation and associa-
tion between calcified regions and noncalcified iron
deposits on clinical brain MRI in elderly, otherwise
healthy subjects.
Materials and Methods: Mineral deposits were seg-
mented on co-registered T1- and T2*-weighted sequences
from 100 1.5 Tesla MRI datasets of community-dwelling
individuals in their 70s. To differentiate calcified regions
from noncalcified iron deposits we developed a method
based on their appearance on T1-weighted images, which
was validated with a purpose-designed phantom. Joint
T1- and T2*-weighted intensity histograms were con-
structed to measure the similarity between the calcified
and noncalcified iron deposits using a Euclidean distance
based metric.
Results: We found distinct distributions for calcified
regions and noncalcified iron deposits in the cumulative
joint T1- and T2*-weighted intensity histograms across all
subjects (correlations ranging from 0.02 to 0.86; mean ¼
0.26 6 0.16; t ¼ 16.93; P < 0.001) consistent with differ-
ences in iron and calcium signal in the phantom. The
mean volumes of affected tissue per subject for calcified
and noncalcified deposits were 236.74 6 309.70 mm3 and
283.76 6 581.51 mm3; respectively. There was a positive
association between the mineral depositions (b ¼ 0.32, P <
0.005), consistent with existing literature reports.
Conclusion: Calcified mineral deposits and noncalcified
iron deposits can be distinguished from each other by sig-
nal intensity changes on conventional 1.5T T1-weighted
MRI and are significantly associated in brains of elderly,
otherwise healthy subjects.
Key Words: ageing; brain; iron; calcium; MRI;
segmentation
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IRON AND CALCIUM are essential minerals for life,
and occur naturally in food. However, they are also
involved in several neurodegenerative mechanisms
such as aggregation of proteins and metals, genera-
tion of free radicals, and oxidative stress (1). Diseases
of ageing, such as Alzheimer’s and Parkinson’s dis-
eases have been linked with a dysregulation in iron
(2) and calcium (3) homeostasis. However, iron regula-
tion also changes with age in normal, healthy individ-
uals, which leads to its increased accumulation in the
brain (4), and may contribute to cognitive decline (5).
Cognitive ageing is an area of particular interest,
given the increasing proportion of older people in
society (6) (http://www.ons.gov.uk/ons/publications/
index.html). There is, therefore, a need to gain further
knowledge into the mechanisms of mineral accumula-
tion in the brain, because it may provide key insights
to their role in the understanding of ageing.
Recent studies have proposed assessing brain iron
using a range of novel MRI techniques, such as relaxa-
tion time mapping, phase imaging, susceptibility-
weighted imaging, susceptibility mapping, magnetic
field correlation imaging, and direct saturation
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imaging (7). However, these require special sequences,
which may suggest longer scanning time if they are
additive to a clinical scanning protocol. Additionally,
some of these special sequences are unique to one
manufacturer because of pending patents, have been
developed for higher magnetic field strengths (3 Tesla
[T] and higher) and some are sensitive to macroscopic
field variations and motion, all of which limit their use
in routine clinical practice (7).
Gradient echo phase images are known to offer the
potential to discriminate iron from calcium (8–10), but
in clinical practice they are underused. Studies report
the necessity to apply postprocessing steps as one of the
causes. For example, to detect small magnetic suscepti-
bility effects using phase images, long echo times (TE)
are required. However, longer TE tends to increase static
field inhomogeneity effects for which a high-pass filter of
a medium-sized kernel is needed (8). Another postpro-
cessing step that often requires manual intervention is
the phase unwrapping algorithm to guarantee the
adequate reconstruction of the phase information (9).
On the other hand, MRI scanning sequences usually
require additional configuration to produce correct
phase volumes, because scanners are usually optimized
to produce magnitude volumes only. For example, some
MRI scanners use the square root of sum-of-squares
coil combination method (10) to recombine the magni-
tude volumes from individual coils of a phased array
head coil, which is correct for obtaining the magnitude
images but incorrect for obtaining the phase volumes.
Postprocessing algorithms that correctly combine the
individual coil images to obtain phase (11) or field maps
(12) have been developed and successfully applied at
the expense of large storage demands.
The aims of this study were: (i) to propose a frame-
work to examine the relationship between mineral
accumulations using imaging parameters from con-
ventional structural MRI; (ii) to investigate the differ-
entiation of calcified regions and noncalcified iron
deposits using co-registered T1-weighted (T1W) and
T2*-weighted (T2*W) MRI sequences with the hypothe-
sis that this is achievable once calcified regions
appear either hypo- or hyper-intense on T1W, noncal-
cified mineral deposits presumed to be iron appear
isointense on T1W, and tissues with both calcium and
noncalcified mineral deposits presumed to be iron
appear hypointense on T2*W (5,13,14); and (iii) to
examine the relationship between these regions with
the hypothesis that both types of mineral accumula-
tions correlate positively as it has been reported that
the accumulation of iron tends to precede the deposi-
tion of calcium among other minerals (15).
MATERIALS AND METHODS
Validation Phantom
An MRI phantom containing calcium and iron deposit
models was developed to validate the hypothesis that
calcium and iron deposits, which both appear hypoin-
tense on T2*W sequences (13), can be differentiated
from their appearance on T1W sequences.
The custom-built phantom (Fig. 1) consisted of a
sealable, cylindrical acrylic glass container, 150 mm
in diameter and 175 mm in length, in which 10 sealed
10-mL syringes (http://www.bd.com) were mounted.
The syringes were uniformly distributed around two
concentric circles in the plane perpendicular to the
Figure 1. Phantom configura-
tion and geometry. a: The
models of focal calcifications
and iron deposits contained
CaCO3, Ca
2þ, Fe3þ, and
Endorem (Guebert, France),
and were prepared as
described in the text. b: An
axial and coronal T2*W slice of
the phantom, where the five
syringes containing the calcifi-
cation and iron deposit models
are highlighted and labeled
according to the mineral
model they contain. [Color fig-
ure can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]
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axis of the container, and their axes were oriented
parallel to the axis of the container. Each of the five
syringes around the inner circle contained 5 to 10 cal-
cium or iron deposit models of one type, which were
embedded in 1.5% agarose. The five syringes around
the outer circle were filled with 1.5% agarose and
used as a reference. For scanning, the phantom con-
tainer was filled with CuSO4/NaCl solution in low
concentration (16) and placed on a phantom rest that
was built to fit on the GE eight-channel head coil
headrest and to orient the phantom container axis
parallel to the main magnetic field.
Light and heavy calcifications were modeled with
calcium carbonate (CaCO3) powder entrapped in gel
beads and CaCO3 granules obtained by grinding
chalkboard sticks (Anton Franz Moertel KG, Schwa-
bach, Germany) into pieces of 5–10 mm in diameter,
respectively. CaCO3 was previously proposed as a
simple model for calcifications in the brain (17). Two
models for light, focal calcifications were created by
dripping (i) 2 % sodium alginate, 1.5 g/100 mL
CaCO3 solution into a 20.5 mmol/L calcium chloride
solution, and (ii) 2 % sodium alginate solution into
20.5 mmol/L calcium chloride solution. This process
created spherical gel beads (18) with a diameter of
1–3 mm (Fig. 1a).
Iron deposits were modeled with gel beads contain-
ing iron (Fe3þ) and Endorem (Guebert, France). Two
models for focal iron deposits were created by drip-
ping (i) 2% sodium alginate solution into 20.5 mmol/L
iron(III) chloride hexahydrate solution, and (ii) 2%
sodium alginate solution mixed with Endorem into
20.5 mmol/L calcium chloride solution. All chemicals,
except chalkboard sticks and Endorem, were obtained
from Sigma Aldrich (Gillingham, UK).
Subjects
We analyzed T1W and T2*W volumes from 100 partici-
pants of a study of ageing (19). Our sample (49 males
and 51 females) involved community-dwelling individ-
uals aged between 71.1 and 74.3 years (mean age ¼
72.7 years, SD ¼ 0.7 years). Written informed consent
was obtained from all participants under protocols
approved by the Lothian (REC 07/MRE00/58) and
Scottish Multicentre (MREC/01/0/56) Research
Ethics Committees. All MRI scans were previously
rated for mineral deposition, atrophy and white mat-
ter lesion load by an expert (J.M.W., consultant neu-
roradiologist with more than 25 years of experience)
blinded to other details using a structured protocol
(20). Images were selected based on this visual
assessment to represent a full range of iron deposi-
tion, from none to many, and to include all types of
these deposits, eg, brain microbleeds, deposits in the
basal ganglia, midbrain, old hemorrhages, superficial
siderosis, etc. We also included subjects with visual
evidence of vascular disease (ie, frequent enlarged
perivascular spaces, lacunes, white matter hyperin-
tensities, cortical infarcts), as these features may
affect the range of MRI intensities and have been
reported to influence the accuracy of image processing
techniques (21).
MRI Scans
Subjects and the phantom were imaged using a GE
Signa HDxt 1.5T clinical scanner (General Electric,
Milwaukee, WI) with a manufacturer supplied eight-
channel phased-array head coil. For the phantom,
T1W and T2*W sequences were acquired axially with
a matrix of 256  256 and field of view (FOV) of 307
 307 mm2. The T1W sequence had inversion (TI),
echo (TE), and repetition (TR) time values of 500/4/
9.8 ms, flip angle of 8 degrees, slice thickness of 1.2
mm and bandwidth of 122 Hz/pixel. The T2*W
sequence had TE/TR values of 15/940 ms, flip angle
of 20 degrees, slice thickness of 2.4 mm and band-
width of 98 Hz/pixel. Subjects were imaged following
a scanning protocol fully described elsewhere (20). In
this protocol, T1W and T2*W had the same acquisi-
tion parameters as those used to scan the phantom,
differing only in the voxel dimensions (1  1 
1.3 mm3 for T1W and 1  1  2 mm3 for T2*W) and
in the orientation of the T1W sequence (coronal).
Preprocessing
Intensity inhomogeneities on T1W and T2W phantom
images were corrected using N4 (22) from Slicer3
v3.6.3 (http://www.slicer.org). Subsequently, we reg-
istered T1W to the T2*W images using FSL FLIRT
v5.5 (http://www.fmrib.ox.ac.uk/fsl/flirt/). T2*W was
used as reference to minimize registration-related dis-
tortions to the hypointense areas of this sequence.
After registering the T1- and T2*-weighted subject
volumes, following the same procedure as with the
phantom, we automatically extracted the contents of
the intracranial cavity from the T2*W sequences using
the Object Extraction Tool of AnalyzeTM 10.0 (www.a-
nalyzedirect.com). The resulting intracranial volume
(ICV) masks were visually checked and corrected
when necessary following the procedure described in
(23) and further applied to the T1W sequence. The
extracted brains from the T1W and T2*W sequences
were bias-field corrected using N4 (24).
The normal-appearing white matter was extracted
using MCMxxxVI, as described and validated else-
where (20), and the globus pallidus was extracted
using FSL FIRST (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FIRST) (25).
Mineral Segmentation
Both types of mineral depositions were automatically
segmented on the T2*W brains by thresholding com-
bined with a region-growing-based algorithm using
the Object Counter Tool of AnalyzeTM 10.0 software).
The T2*W threshold was selected relative to the T2*W
intensities of the normal appearing white matter
INAWM according to (26) as Eq. (1) shows:
Threshold ¼ meanðINAWM Þ  n SDðINAWMÞ [1]
with n  Rþ as the relative threshold factor. The T2*W
normal-appearing white matter intensities were used
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as a reference in accordance with a previous study,
which demonstrated that T2*W intensities of the deep
gray matter relative to the T2*W intensities of normal
appearing white matter resulted in values that corre-
lated well with corresponding R2* (¼1/T2*) relaxivity
rates (27). The threshold factor n was estimated by
adjusting the T2*W threshold so that it lies below
most T2*W intensities of normal-appearing globus
pallidus tissue, which is the region where T2*W hypo-
intensities are found most often (28). Upon applica-
tion of the threshold, additional segmented areas
automatically detected by the software (eg, blood ves-
sels, isolated voxels near the edges) were scrutinized
and identified as false positives to be subsequently
deleted.
As both calcified and noncalcified mineral deposits
presumed to be iron appear hypointense on T2*W, it
was necessary to discern, among the automatically
selected regions, which to label as “calcium” or “iron.”
This was achieved by visually analyzing the seg-
mented regions on the co-registered T1W image.
Regions were identified as “iron” if the correspondent
region on the T1W image showed no signal change, or
“calcium” if the correspondent region on the T1W
image was either hypo- or hyper-intense with respect
to the mean intensity of the surrounding tissue (7).
Iron in the form of methemoglobin can be a limiting
factor of this method, because it can also cause an
increase in T1W signal due to a reduction in T1 relax-
ation time. However, the formation of methemoglobin
is linked to intra- and extracellular mechanisms that
have opposite effects on the T2 relaxation time (29)
leading to heterogeneous appearances on T2*W,
although such deposits are mainly isointense with
respect to the parenchymal tissue, and are, therefore,
considered separately if visually identified.
Despite “iron” and “calcium” deposits being mutu-
ally exclusive according to the criterion followed for
their identification, in some cases, the size of these
accumulations and the intensity inhomogeneities on
the region (despite previous correction), made it
impossible to separate one from the other using the
segmentation method. In this case, the region was
labeled as having both “iron” and “calcium.”
Once the segmentation process for an entire scan
was completed, the resulting segmented areas were
Figure 2. Flow chart of the image processing pipeline. a: MRI preprocessing and segmentation of calcified and noncalcified
mineral deposits. b: Differentiation and relationship between the segmented regions. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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saved as binary masks. The minerals’ volumes were
quantified and expressed in mm3. Figure 2a summa-
rizes this process.
The hypointensities caused by calcium and iron
deposits models were segmented on the T2*W phan-
tom volumes following similar procedure (ie, thresh-
olding combined with a region growing algorithm). In
addition, the obtained masks were eroded by 1 voxel
to reduce partial volume effects and blurring artifacts,
and superimposed onto the T1W images to construct
joint scatter plots of T1W and T2*W intensities that
were selected by the masks.
Characterization of Potentially Calcified and
Noncalcified Mineral Deposits on Brain Scans
The binary masks of each mineral (ie, “iron” and
“calcium”) were applied to both T1W and T2*W brain
images to extract the actual intensity values on both
sequences. These were used to generate two-
dimensional (2D) joint histograms which were later
normalized with the maximum total counts of each
mineral. The normalized histograms represented the
2D probability maps of the intensity distribution for
each mineral type on the brain scans. We calculated
the 2D correlation coefficient, mean and standard
deviation of the “iron” and “calcium” 2D probability
maps for each subject and the total true positive and
negative fractions (ie, excluding the overlap) of the
intensities for each mineral map. Treating each map
as a 2D array, we reshaped them to vectors to per-
form the two-sample Kolmogorov-Smirnov test to
check if both maps share the same distribution. The
similarity between the calcified areas and iron depos-
its was then measured using Euclidean distance. The
pipeline of this process is illustrated in Figure 2b.
To determine the similarity between the T1W and
T2*W intensities in regions segmented as “iron” and
“calcium” across the whole sample, we generated cross-
correlation matrices for both “iron” and “calcium.”
Association Between Volumes of Iron Deposits and
Calcified Regions on Brain Scans
Associations between volumes of iron deposits and
calcified regions were investigated using a univariate
linear regression model implemented in SPSS 18.0
(SPSS Inc, Chicago, IL); P values < 0.05 were
Figure 3. Appearance of calcium and iron deposit models on T2*W and T1W MRI (left and middle columns). a: The perimeters
of the hypointensity masks, which are cyan for iron deposits, and red and yellow ochre for calcium deposits, are superim-
posed on a typical slice of the T2*W and T1W phantom images. b: The corresponding T2*W and T1W voxel intensities, which
are selected by the mineral model masks of all slices, are shown in the scatter plots. The scatter plot at the top and the bot-
tom shows the mineral model voxel intensities selected by the noneroded and eroded mineral model masks, respectively.
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considered statistically significant. Volume of “iron”
was the dependent variable while volume of “calcium”
was the independent variable. To investigate the influ-
ence of head size on the associations, a separate
model was developed using the ICV as a covariate.
RESULTS
Phantom
On the T2*W phantom images, FeAlg, CaAlg/SPIO,
and CaCO3 appeared very hypointense and CaAlg/
CaCO3 slightly hypointense relative to the surround-
ing agarose. On the T1W phantom images, FeAlg and
CaAlg/SPIO appeared more hyperintense than CaCO3
and CaAlg/CaCO3, also relative to the surrounding
agarose. CaAlg could not be distinguished from aga-
rose on T2*W sequences and was not analyzed
further.
Figure 3a shows the T1W and T2*W scatter plot
that was generated with the calcium and iron deposit
masks before erosion of one slice and the correspond-
ing scatter plot with all mineral model voxel inten-
sities from the phantom. T1W and T2*W intensities
Table 1
Mineral Models of the Phantom and Visually Equivalent Brain Iron Deposits as a Consequence of Micro-/Macrohemorrhages*
Phantom substance
and reference Type of brain irony
Characteristic
stagey
Time from
occurrencey
Intensity level compared
to normal-appearing white matter
T1-weighted T2*-weightedy
CaAlg referred to agarose Oxy-hemoglobin Hyperacute <24 h Isointense Slightly hypointense
CaAlg referred to CuSO4/NaCl Deoxy-hemoglobin Acute 1–3 days Slightly hypointense Very hypointense
Methemoglobin Subacute (early) >3 days Very hyperintense Very hypointense
FeAlg referred to agarose Methemoglobin Subacute (late) >7 days Very hyperintense Slightly hypointense
CaAlg referred to agarose Hemichromes/ ferritin Chronic (center) >14 days Isointense Slightly hypointense
CaAlg referred to CuSO4/NaCl Hemosiderin Chronic
(rim or small)
Slightly hypointense Very hypointense
CaCO3 referred to CuSO4/NaCl Calcified Chronic >3 months Hypointense Very hypointense
*Correspondences were made after analyzing the signal intensity that each phantom substance produces, and the descriptions on the lit-
erature (studies with histological confirmation) of the signal intensities produced by each mineral compound.
yDifferentiation according to Bradley (29).
Figure 4. Axial slices of a rep-
resentative subject showing
the segmentations of calcified
regions and iron deposits on
T1W (upper row) and the joint
T1W versus T2*W histograms
of the intensities on the seg-
mented regions across all sli-
ces in this subject (bottom
row). Each region of interest
(ROI) (ie, mineral deposit given
by one group of connected
components) is outlined using
a different color. Number of
ROIs and total volume of each
type of mineral deposition were
used to calculate the associa-
tions between both types of
mineral depositions. [Color fig-
ure can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]
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from voxels of CaCO3 (yellow ochre) and CaAlg/
CaCO3 (red) form distinct clusters whereas intensities
from FeAlg and CaAlg/SPIO voxels (cyan) form a cloud
that overlaps significantly with the first two clusters.
Figure 3b shows the T1W and T2*W scatter plot that
was generated with the calcium and iron deposit
mask, which selected all focal hyperintensities on the
T1W phantom volume and hence did not select
regions on T2*W volumes that were affected by the
partial volume effect and blurring artifacts. Here all
three clusters can clearly be distinguished in the cor-
responding scatter plot. Importantly, the scatter plot
shows that T1W intensities clearly differentiate cal-
cium and iron deposits. Table 1 summarizes how the
visual appearance of mineral models of the phantom
potentially relates to the visual appearance of mineral
deposits in the brain.
Subjects
Iron deposits were identified in 82/100 datasets, cal-
cified regions in 91/100 and both types in 77/100.
Examples of the segmentation can be seen in Figure
4. After segmentation, the volumes of “iron” (n ¼ 100;
mean ¼ 283.76 mm3; SD ¼ 581.51 mm3) and
“calcium” (n ¼ 100; mean ¼ 236.74 mm3; SD ¼
309.70 mm3) were both normally distributed across
the sample.
The 2D correlation coefficients between the T1W
versus T2*W intensity maps, one for “iron” and one
for “calcium” for each subject, and the true positive
and negative fractions for each distribution are sum-
marized in Table 2. The mean Euclidean distance
between the probability maps of iron and calcium was
statistically different from 0 (t ¼ 16.934; P < 0.001).
Figure 5 shows the cross-correlation matrices of the
joint histograms of T1W and T2*W for the iron depos-
its and calcified regions across the sample. In general,
better agreement between the T1W/T2*W intensities
was found (higher cross-correlation) in the regions
identified as iron deposits, than in those labeled as
calcified regions. The two-sample Kolmogorov-Smir-
nov revealed that on only one subject (from the 77
subjects who had both types of mineral depositions)
the intensity distributions of the joint histograms for
“iron” and “calcium” was the same (null hypothesis).
On the remaining 76 subjects, the null hypothesis
was rejected at the 5% significance level.
The regression analysis showed that greater iron
accumulation was associated with greater calcium
accumulation (n ¼ 100; standardized b ¼ 0.319; P <
0.005). The same analysis was also performed after
excluding the scans with no detectable “iron” or
“calcium,” allowing examination of the association
between their accumulations only in those subjects
with both types of mineral deposits. For this analysis,
Figure 5. Cross-correlation matrices of the joint histograms: calcified regions (a) and iron deposits (b). Observe the magni-
tude of the correlation between subjects. It is more than 0.5 for the iron deposits and generally less than 0.4 for the calcified
regions. Observe that as these are cross-correlation matrices, all elements in the principal diagonal are equal to 1. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Table 2
Results of the Intensity Analysis of Both Features: Iron Deposits and Calcified Regions
2D correlation between
maps of iron deposits and
calcified regions
True positive fraction True negative fraction
Iron deposits Calcified regions Iron deposits Calcified regions
Average 0.266 0.993 0.995 0.899 0.878
Minimum 0.021 0.961 0.947 0.499 0.405
Maximum 0.859 0.999 0.999 0.998 0.997
SD 0.166 0.006 0.006 0.105 0.123
CI (alpha 0.95) 0.001 4.7e-05 4.7e-05 0.0007 0.0008
CI ¼ confidence interval, SD ¼ standard deviation.
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the association was similar (n¼77; b ¼ 0.368; P <
0.001). Correcting for ICV in the model, as expected,
did not change the association between “iron” and
“calcium” accumulation.
The location-based analysis (Table 3) showed that
iron deposits were mainly found in the basal ganglia,
whereas calcified regions were mainly identified in the
choroid plexus. The association between the volumes
of the calcified regions and those of iron deposits was
highest in scans where both were identified in the
same anatomical region (b¼0.526; P < 0.005).
DISCUSSION
Mineral depositions that predominantly consist of
iron or calcium can be detected and differentiated
from each other on conventional clinically available
MRI sequences. The framework proposed to examine
the relationship between mineral accumulations using
conventional structural MRI identified distinct inten-
sity distributions for the two predominant mineral
depositions analyzed. A novel MRI phantom contain-
ing calcium and iron deposits supported our hypothe-
sis that calcified regions produce a signal change in
T1W images that allows them to be differentiated from
deposits where iron is prevalent; both are known to
appear hypointense on T2*W images. These results
are in agreement with studies that had histological
confirmation, two of which reported that calcium and
other minerals appear hyperintense on T1W (24,30),
three studies that reported that calcium and hemosid-
erin appear hypointense on T1W (31–33), and other
three studies, which reported that noncalcified
regions appear isointense on T1W (34–36).
The higher cross-correlation in the joint T1W versus
T2*W histograms of the brain regions identified as iron
deposits compared with those labeled as calcified
regions suggests that, although there is an unavoidable
overlap between both regions, deposits of iron macro-
molecules alone cause a more definable signal change
on T1Wand T2*W sequences than when there are other
mineral aggregates sharing the same physical region.
This, therefore, suggests that the automatic segmenta-
tion of iron deposits can be achieved more easily than
calcified regions. This is expected, due to the high dis-
persion in the intensities in calcified regions.
Although the subjects selected for this study and
the study design do not allow us to generalize the pat-
tern of mineral accumulation in a general healthy age-
ing population, our findings support our initial
hypothesis that there is a positive correlation between
the accumulation of iron and calcified regions, regard-
less of whether the individuals have both types of
mineral accumulations or only one of them, and asso-
ciations are higher when both types of deposits occur
in the same region. A shared pathway of iron and cal-
cium has been suggested for the age-related deposi-
tion in the brain, based on findings of multiple
minerals accumulating in the same deposit. This
sometimes has been attributed initially to only one
mineral in the brain (15,37) and other times to a
shared transporting mechanism as both minerals are
present in the serum, with iron transferred to tissues
from the blood (38) and calcium in its bound form
leading to calcification of blood vessels (39).
The strengths of this study are: (i) the sample was
deliberately chosen to represent a wide spectrum of
mineral loads and imaging features commonly present
in an ageing population, (ii) the combined use of a
phantom and in vivo images acquired using the same
imaging protocol and (iii) the same scanner to validate
the signal characteristics of each type of mineral depo-
sition, and (iv) the intensity-based statistical frame-
work devised here. The latter could be useful for
discerning whether, in medical imaging, two features
of similar intensity levels on one or more MR sequen-
ces can be distinguished one from each other using a
given segmentation method.
Table 3
Associations Between Volumes of Iron Deposits and Volumes of Calcified Regions in Brains of Participants Grouped According to the
Location Where the Mineral Accumulation Was Observed
Location
Brains with iron deposits
and calcified regions in
Brains with iron
deposits only in
Brains with calcified
regions only in
Brains with calcified
regions in
Brains with iron
deposits in
Basal ganglia b 5 0.410
P ¼ 0.034
n ¼ 27
b 5 0.303
P ¼ 0.031
n ¼ 51
b ¼ n.a.
P ¼ n.a.
n ¼ 2
b ¼ 0.352
P ¼ 0.061
n ¼ 29
b 5 0.323
P ¼ 0.004
n ¼ 76
Choroid plexus b ¼ n.a.
P ¼ n.a.
n ¼ 2
b ¼ n.a.
P ¼ n.a.
n ¼ 1
b 5 0.392
P ¼ 0.0002
n ¼ 85
b 5 0.386
P ¼ 0.0002
n ¼ 87
b ¼ n.a.
P ¼ n.a.
n ¼ 3
Elsewhere* b ¼ n.a.
P ¼ n.a.
n ¼ 2
b ¼ 0.176
P ¼ 0.391
n ¼ 26
b ¼ n.a.
P ¼ n.a.
n ¼ 3
b ¼ n.a.
P ¼ n.a.
n ¼ 7
b ¼ 0.285
P ¼ 0.127
n ¼ 30
Same place (regardless) b 5 0.526
P ¼ 0.002
n ¼ 31
Elsewhere*
(iron deposits &/
or calcified regions)y
b ¼ 0.264
P ¼ 0.138
n ¼ 33
b values are the standardized coefficients. n.a. ¼ not applicable (due to small sample size).
*Elsewhere includes the brainstem, gray matter, and corpus callosum.
yScans used here will have either “calcium” or iron, or both “calcium” and iron in any number of locations defined above.
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One limitation of this study is the use of an assess-
ment technique (ie, thresholding on magnitude
images, followed by manual removal of false positives)
that, despite having a high sensitivity, is observer-
dependent (40) and affected by blooming artifacts.
However, a single analyst used the same thresholding
method to generate masks for all subjects of the sam-
ple, and the manual removal of false positives was
consistently restricted only to single isolated voxels
and voxels of the boundaries of the brain parenchyma
in all cases. The blooming artifact has been recog-
nized to affect the assessment of T2*W hypointensities
(28), once it is not uniform (ie, does not increase the
size of all T2*W hypointensities in the same propor-
tion) (41) and depends on the susceptibility of the
magnetic particles (42) — given that for our case the
field strength and sequence parameters, which also
influence this artifact, were the same. As myelin has
overwhelming negative effects on the correlation
between R2* and iron concentrations (43), it is possi-
ble that the blooming artifact is also influenced by the
location of the T2*W hypointensities. The majority of
the mineral depositions were found in regions of corti-
cal/subcortical gray matter (of lower myelin content),
being calcified regions particularly concentrated in
the choroid plexus. Therefore, the blooming artifact,
and hence the threshold, was mainly influenced by
the magnetic susceptibility of the particles that
caused the hypointensities, and consequently by the
degradation stage of the iron particles and their pro-
portion with respect to the other minerals aggregated
in the named “calcified” regions. While in one third of
the sample, iron deposits and calcified regions spa-
tially overlapped, it was possible to identify two dis-
tinct intensity distributions for the regions extracted
and differentiated with the proposed technique.
Another potential limitation is that this study was
performed only at 1.5T. However, despite these limi-
tations, our results are in agreement with previous
reports on location of iron deposits and calcified
regions obtained from studies that had histological
confirmation (7,37). Other studies that assessed
iron deposition at different magnetic fields (from
0.5T to 4.7T) report a decrease on T2W for hemosid-
erin at higher magnetic fields and an increased
ratio in T1/T2 for ferritin with increasing field
strengths (44,45). Studies that used T2*W MRI have
reported the appearance of iron and calcified
regions consistently hypointense at different field
strengths (13). Therefore, our findings could also be
transferred to images obtained at other magnetic
field strengths.
Further research should focus on developing fully
automated and reliable techniques for quantifying
both types of mineral deposits on sequences used on
routine clinical practice. Optimally, such algorithms
should consider deriving the threshold for identifying
these deposits from quantitative parameters (eg,
relaxation rate mapping). This could be of great
importance to determine the role that mineral depos-
its, specially calcium and iron, play in other metabolic
processes, cerebrovascular mechanisms, brain func-
tioning and cognition.
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